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DENTIFICATION OF EFFICIENT SErum prostate-specific antigen (PSA) screening strategies is increasingly important now that PSA testing is widely used to screen for prostate cancer. Although a common approach to PSA testing in clinical practice is to offer annual PSA measurements beginning at age 50 years for men at normal risk with more than a 10-year life expectancy, 1 this approach may not be the most efficient strategy.
Randomized screening trials are in progress both in the United States and in Europe to address the relationship between screening and prostate cancer mortality. 2 However, these trials cannot test the efficiency of multiple screening strategies that vary the test threshold, age to start screening, and screening intervals in a trial designed to address mortality reductions with screening compared with no screening.
There are many potential screening strategies that could vary by the age to start PSA testing, the PSA threshold that would prompt further evaluation (prostate biopsy), and the PSA testing intervals. Monte-Carlo simulations that model the natural history of a cancer are one approach to identifying screening strategies that efficiently reduce cancer deaths and limit unnecessary testing, and such models have been used to evaluate screening strategies for cervical, 3 ovarian, 4 and prostate 5, 6 cancer. Recognizing that the benefits of prostate cancer screening have not been proved, we used a Markov model of the natural history of prostate cancer to compare the efficiency of various PSA screening strategies with the standard strategy of annual PSA testing among men aged 50 through 75 years.
METHODS
A Monte-Carlo simulation based on a Markov model was used to simulate prostate cancer detection in men for 40 years, starting at age 40 years, under different strategies for screening using PSA. We simulated 100 populations of 1 million men each, and mean results were recorded; all models were also run using 100000 runs of 1000 men each, and the mean values of all outcome variables were unchanged. The program was written using Version 6.12 of the SAS programming language (SAS Institute Inc, Cary, NC).
Model Structure
Men were classified in 1 of 4 groups: no prostate cancer, organ-confined prostate cancer volume of 0.5 mL or less, organ-confined prostate cancer volume of greater than 0.5 mL, or non-organconfined prostate cancer. Each year, beginning at the age of 40 years, men could remain in the same state, progress to the next prostate cancer state, or die from other causes (FIGURE 1). Death rates from other causes were assumed to be unaffected by prostate cancer status, although sensitivity analyses were conducted altering this assumption.
Biopsy detection probabilities were based on the prostate cancer state, 7 with greater probability of detecting larger cancers, and it was assumed that biopsies would be negative in the absence of cancer. No more than 3 biopsy sessions were performed on any single man unless his serum PSA level exceeded 10.0 ng/mL. Men whose organ-confined prostate cancer was 0.5 mL or less were considered cured by surgery. Men whose organ-confined cancer volume was greater than 0.5 mL were given a 90% probability of being cured by surgery. 8 In both cases, mortality from surgical treatment was set at 0.5%. 9 Men in whom non-organ-confined prostate cancer was discovered could still die from prostate cancer or from other causes. In the base case analysis, their natural history was assumed to be unaffected by the cancer detection.
Model Inputs and Outputs
Age-specific prevalence of different prostate cancer states was determined based on an Office of Technology Assessment study combining data from 8 US hospital-based autopsy studies. 10 These data gave prevalence by age decade, so they were interpolated separately for each prostate cancer state using a fourthorder polynomial to yield age-specific prevalence. Cancer grade was not included because insufficient data are available on the rate at which tumor grade changes over time and the association between tumor grade and PSA level or tumor volume. Age-specific prostate cancer mortality was interpolated similarly from Surveillance, Epidemiology, and End Results (SEER) data from the National Cancer Institute from the pre-PSA era, 11 and all-cause mortality was taken from 1996 life tables from the National Center for Health Statistics.
12 Once age-specific death rates and prevalence of each prostate cancer state were determined, age-specific transition probabilities between states were calculated as follows: transitions among states were assumed to take place in annual increments (Figure 1) , and then the transition probabilities were computed by setting the rate of entry into each state equal to the rate of exit from the state at 1 year older, where exit may refer either to prostate cancer progression or noncancer mortality.
Paired values of PSA from an individual in 2 successive years were assumed to follow a bivariate log-normal distribution. For men with no cancer or an organ-confined prostate cancer volume of 0.5 mL or less, the age-specific mean PSA value and the variance in log PSA were taken from a communitybased sample of men in Olmsted County, Minnesota. 13 For men with an organconfined prostate cancer volume of more than 0.5 mL and non-organ-confined prostate cancer, age-specific mean PSA level at each age was based on extensive Johns Hopkins surgical series data, 14, 15 and variance was based on data from the Baltimore Longitudinal Study of Aging. 16 These data were also used to calculate the correlation between log PSA values in successive years for all men.
Outputs included prostate cancer deaths prevented (compared with no screening), person-years of life saved, the number of PSA tests administered, and the number of prostate biopsies. Personyears of life saved were calculated by allowing men who had been successfully treated to progress as if they had not been treated, monitoring whether they would have progressed to prostate cancer mortality, and then calculating each successfully treated man's life expectancy at the age at which death from prostate cancer would have occurred. All results were discounted by 3% annually, so that PSA tests, biopsies, person-years lived, and deaths which occurred at a young age were valued more than those which occurred later in life. This was done to enable resources used and health outcomes realized to be compared on a common basis across time even though they occur in different years.
Screening Strategies
Strategies were evaluated by varying the PSA threshold for prostate biopsy (the PSA level at which a prostate biopsy is performed), PSA testing intervals, and the start age for PSA testing, since these factors affect the efficiency of screening. We evaluated a lower PSA threshold for taking a biopsy because of evidence suggesting that the prostate cancer detection rate is similar for men whose PSA levels are between 2.5 ng/mL and 4.0 ng/mL compared with men whose PSA levels are between 4.0 ng/mL and 10.0 ng/mL and because of the suggestion that detection of cancer at lower thresholds may improve cure rates. 17 We varied PSA testing intervals because there is evidence that yearly PSA testing may not be the most efficient strategy for screening. 5, 6, 14 Finally, we chose to evaluate screening strategies before age 50 years because younger men are more likely to be diagnosed with curable cancer compared with older men with similar pretreatment PSA levels.
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Sensitivity Analyses
Sensitivity analyses were run to test all major assumptions of the model (TABLE 1) . First, models were run after both increasing and decreasing all prostate cancer prevalences by 20%. Second, a model was run using recent prostate cancer death rates (1989-1994) 11 instead of rates from the pre-PSA era.
Models were also run varying prostate cancer death rates by 20%. Third, a model was run in which the noncancer death rate increased by 10% for men with intracapsular cancer volume greater than 0.5 mL and by 20% for men with extracapsular cancer, based on a previously observed 14% overall elevation. 18 Fourth, instead of a bivariate log normal with an age-specific mean, a model was considered whereby each successive year's PSA was log normally distributed with a mean that was 3.2% greater than current PSA level for men without cancer or with small intracapsular cancer, and 17.5% greater for men with large intracapsular cancer or extracapsular cancer. 19 Additional models were also run with increasing and decreasing PSA variance and the correlation between successive PSA values by 20%. Fifth, biopsy detection rates for the 3 prostate cancer states were raised so that the false-negative rate fell by 50% since urologists are beginning to alter biopsy strategies to reduce the falsenegative rate of prostate biopsy. 20 A model was also run with decreased biopsy detection rates. Sixth, models were run with increased and decreased cure rates for each prostate cancer state. Seventh, operative mortality due to prostatectomy was set at 0% and at 2%. Eighth, the limit on the number of biopsies was altered so that no more than 3 could be performed unless the PSA level was more than 6 ng/mL, and another model was run with no limit on the number of biopsies. Finally, the simulation was run without a discount rate and with a 5% discount rate.
In addition, to verify the integrity of the model structure, we compared the age-specific prevalence of each prostate cancer state in the model with expected prevalence based on the Office of Technology Assessment combined autopsy data, and we compared agespecific prostate cancer death rates to expected rates based on SEER data. In all cases, values from the model were within 10% of their expected values.
Incremental Cost-effectiveness Ratios
Because this analysis compares screening strategies both in terms of health outcomes (prostate cancer deaths prevented and person-years of 21,22(pp276-303) The number of prostate cancer deaths prevented relative to the no screening strategy was used as the primary effectiveness measure. We ranked the screening strategies in order of increasing effectiveness, beginning with the no-screening strategy. Each subsequent strategy was compared with the next most effective strategy not dominated by other strategies. A dominated strategy is one that is both less effective and uses more resources than some other strategy or linear combination of strategies. The incremental costeffectiveness ratio is the number of additional PSA tests or prostate biopsies required to prevent 1 additional prostate cancer death with the new strategy compared with the next most effective nondominated strategy.
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RESULTS
The relationships between prostate cancer deaths prevented and number of PSA tests administered and between prostate cancer deaths prevented and number of prostate biopsies results are shown in FIGURE 2A (for PSA tests) and Figure 2B (for biopsies), discounted 3% annually. In each graph resources are plotted on the horizontal axis and prostate cancer deaths, relative to the strategy of no screening, are plotted on the vertical axis. The strategies are ranked in order of increasing number of prostate cancer deaths prevented, beginning with the strategy of no screening. The point representing each nondominated strategy is connected by a straight line to the next most effective strategy not dominated by other strategies (see the "Methods" sections). The incremental cost-effectiveness ratio, expressed as the additional number of PSA tests administered or biopsies performed per 1000 men required to prevent 1 additional prostate cancer death per 1000 men, is graphically represented by the inverse of the slope of the line connecting 2 adjacent points. In these graphs the dominated strategies lie below the concave outline of nondominated strategies 22(pp276-303) that are connected by the line.
The standard strategy (E) of annual PSA testing among men between the ages of 50 and 75 years with a 4.0 ng/mL PSA threshold for prostate biopsy is dominated by the strategy of earlier but less frequent PSA testing (G) both in terms of PSA tests (Figure 2A ) and prostate biopsies performed ( Figure 2B ). Lowering the PSA threshold for taking a prostate biopsy to 2.5 ng/mL also results in a dominated strategy (F), as does use of age-specific PSA thresholds (D).
TABLE 2 shows the results in tabular form, again ranking the strategies in order of increasing prostate cancer deaths prevented relative to the strategy of no screening. Based on these simulations, the standard strategy (E) of men aged 50 through 75 years undergoing an annual screening is estimated to require 3300 PSA tests and 190 biopsies per prostate cancer death prevented. The incremental cost-effectiveness ratios are presented comparing each strategy with the next most effective nondominated strategy. Relative to the strategy of no screening, a strategy of screening men aged 40 through 75 years every 5 years requires an additional 1500 PSA tests and performing 100 prostate biopsies for each prostate cancer death prevented per 1000 men (strategy B). A strategy of screening men aged 50 through 75 years every 2 years (strategy C) requires that 6000 PSA tests be performed for each further prostate cancer death prevented per 1000 men. In terms of biopsies per prostate cancer death prevented, screening every 2 years is dominated by the combination of screening every 5 years and early but less frequent screening. This may be seen in Figure 2B by the fact that a straight line connecting the points representing strategies B and G lies above the point representing strategy C. A strategy (G) of screening with PSA tests at age 40 and 45 years when PSA levels remain below 2.0 ng/mL, and biennial PSA testing after age 50 years (or earlier if a PSA level is 2.0 ng/mL or higher), requires an additional 7500 PSA tests per prostate cancer death prevented compared with strategy C, which is the next most effective nondominated strategy in terms of PSA tests and deaths prevented. Strategy G also requires that an additional 400 prostate biopsies be performed for each additional prostate cancer death prevented compared with strategy B, which is the next most effective Compares 7 strategies with the standard strategy of annual serum prostate-specific antigen (PSA) testing of men aged 50 through 75 years using a PSA threshold of 4.0 ng/mL for prostate biopsy. The number of prostate cancer deaths prevented and PSA tests (A) and biopsies performed (B). Descriptions of strategies follow the format: age range in years for PSA testing, except for strategies G and H, which test at age 40 and 45 years and bienially (strategy G) or annually (strategy H) from ages 50 through 75 years; testing interval; and PSA threshold for biopsy. PSA threshold for biopsy is 4.0 ng/mL except where otherwise noted. Age-specific PSA thresholds are 3.5 ng/mL for men aged 50 through 59 years, 4.5 ng/mL aged 60 through 69 years, and 6.5 ng/mL aged 70 through 75 years.
nondominated strategy in terms of biopsies and prostate cancer deaths prevented. Increasing the screening intensity to annual PSA screening (strategy H) requires an additional 30500 PSA tests and 1200 prostate biopsies for each additional prostate cancer death prevented. The standard strategy (E) of annual screening of men aged 50 through 75 years prevents fewer prostate cancer deaths and requires more PSA tests and more biopsies than the strategy of earlier but less frequent PSA testing (G). Annual age-specific screening (D) and annual testing with the biopsy threshold lowered to 2.5 ng/mL were also dominated by earlier but less frequent testing (G). Two other strategies were considered and were found to be dominated (results not shown): biennial screening between the ages of 40 and 75 years, and early but less frequent screening using a PSA cutoff of 2.5 ng/mL at age 40 and 45 years, and 4.0 ng/mL at age 50 years and above.
Relative tradeoffs between strategies were similar for all sensitivity analyses. The absolute number of prostate cancer deaths, PSA tests, and biopsies varied; however, for all sensitivity analyses, the age-specific strategy (D), the standard strategy (E), and a strategy using a lower PSA threshold for biopsy (F) were dominated by the strategy of earlier but less frequent testing (G). Compared with the standard strategy, the savings in PSA tests using the strategy of early but less frequent screening ranged from 2900 to 3100 and the reduction in prostate cancer deaths ranged from 0.04 to 0.14 per 1000 men and discounted 3%. The reduction in biopsies varied between 140 and 151, except when no limit was imposed on the number of biopsies that could be performed on any one man, in which case the reduction in testing was even larger. Although relative differences between strategies did not change, the absolute number of biopsies performed was fairly sensitive to the variance in log-PSA used for men without prostate cancer: increasing the variance by 40% led to increases of 30% to 35% in the number of biopsies performed under various screening strategies.
When the simulation was run without screening, the age-specific mortality for men aged 65 to 69 years was 77 per 100 000 compared with 79 per 100000 based on SEER data. 11 At all ages between 40 and 80 years the simulation output was similar to SEER data with respect to mortality. Average survival after progression to non-organconfined prostate cancer in our model was 8.3 years. This is consistent with a median time to metastases of 8 years from the time of a detectable PSA in men who are not cured with radical prostatectomy and obviously had non-organconfined prostatic cancer at the time of surgery. 23 We found that the number of biopsies performed per prostate cancer detected was 7.1. This is similar to 5 biopsies per cancer detected among 10523 men aged 55 to 74 years in the European Randomized Study of Screening for Prostate Cancer.
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COMMENT
In this study, we have used a MonteCarlo simulation based on a Markov model to compare the projected benefits and resource implications of different prostate cancer screening strategies. The approach of comparing only nondominated strategies enables one to avoid strategies predicted to prevent *All values are mean results per 1000 men (aged 40-80 years) over the entire course of the simulation, with a 3% annual discount rate. Results were rounded to reflect their precision. Numbers that differ have nonoverlapping 95% confidence intervals. Strategies G and H include PSA test at age 40 and 45 years followed by annual testing of men aged 50 through 75 years. Ellipses indicate not applicable. †Age-specific PSA threshold for prostate biopsy: 3.5 ng/mL for men aged 50 through 59 years; 4.5 ng/mL for men aged 60 through 69 years; and 6.5 ng/mL for men aged 70 through 75 years. ‡If the PSA level is 2.0 ng/mL or more at age 40 or 45 years, then biennial screening (strategy G) or annual screening (strategy H) begins at that point. §Incremental ratios represent the cost-effectiveness of a strategy compared with the next most effective strategy in the Table (ie, the nearest nondominated strategy to the left).
fewer prostate cancer deaths while requiring more tests and more biopsies. One may view all nondominated strategies (including no screening) as rational in the sense that each represents the most prostate cancer deaths prevented for a given number of PSA tests administered and a given level of prostate biopsies performed among all strategies considered. The approach of incremental cost-effectiveness ratios, using numbers of PSA tests and prostate biopsies instead of monetary costs, provides a conceptual framework for comparing screening strategies with different starting ages for PSA testing, different PSA testing intervals, and different PSA thresholds for prostate biopsy. In this way one can successively estimate how many additional tests and biopsies per additional prostate cancer death prevented would be required for each increase in screening intensity.
The findings indicate-for the first time-that screening men at age 40 and 45 years with a 2-year testing interval after age 50 years (or before if the PSA level is more than 2.0 ng/mL), while holding the PSA threshold for a prostate biopsy at 4.0 ng/mL, may be more efficient than the current strategy of annual PSA screening from the ages of 50 through 75 years, because it is predicted to lower prostate cancer deaths slightly while simultaneously reducing the number of PSA tests administered and biopsies performed. The additional PSA tests at age 40 and 45 years provide the opportunity for early detection in younger men at the cost of performing only 2 additional PSA tests per man. This is more than compensated for by the reduced overall number of PSA tests and biopsies resulting from biennial rather than annual screening. Although the prevalence of prostate cancer is lower in 40-through 50-year-old men compared with older men, younger men with PSAdetected prostate cancers are more likely to have curable disease compared with older men whose cancers are detected by PSA tests. 15 This is reflected in our finding that starting earlier but testing less often does not increase and may actually decrease prostate cancer mortality.
Our model may have underestimated the mortality decrease, because it did not reflect recently published evidence that younger men who undergo aggressive treatment for prostate cancer have lower mortality and morbidity compared with older men. 25 Our findings also suggest that younger men (aged 40-50 years) with PSA levels of 2.0 ng/mL or more may benefit from biennial surveillance. In the 4th decade of life, 2.0 ng/mL is approximately the 95th percentile for serum PSA for age. 13 Furthermore, Gann et al 26 demonstrated with a somewhat older population that men with PSA levels above 2.0 ng/mL are more than 12 times as likely to be diagnosed with prostate cancer within the next decade compared with men with PSA levels below 1.0 ng/ mL. These data support the rationale for increased surveillance of young men with "normal" PSA levels of 2.0 ng/mL or more, while continuing to use 4.0 ng/mL as the cutoff for taking a biopsy.
Our results suggest that lowering PSA thresholds for taking a biopsy to 2.5 ng/mL may not meaningfully reduce prostate cancer deaths, despite greatly increasing biopsies performed. This is consistent with previous findings from a surgical series of PSA-detected cancers demonstrating that when PSA levels were 4.0 ng/mL or less, 94% of tumors were curable and 69% were small, but when the PSA level was 4.1 to 5.0 ng/mL, 89% of the cancers were still curable, and only 33% of tumors were small.
14 Thus, a biopsy threshold of 4.0 ng/mL appears to detect potentially curable cancers with a reduced risk of detecting smaller, potentially unimportant tumors. The increase in biopsies with a lower PSA threshold predicted by our model is not surprising since the percentage of men in screened populations with PSA levels between 2.6 and 3.0 ng/mL is almost double the percentage of men with PSA levels between 4.1 and 5.0 ng/ mL. 27 Thus, lowering the PSA threshold is estimated to increase the burden of PSA testing by nearly doubling the percentage of men who undergo prostate biopsies. Although this might be acceptable if cancer mortality were substantially reduced, our results suggest that it would not be.
Several other computer models have been used to examine prostate cancer screening, and it is worthwhile to compare the results of these studies to those of our simulation. When our simulation was used to model onetime screens at age 65 and 75 years, it predicted benefits per person screened of 13 which estimated 453 and 139 days.
The study by Etzioni et al 5 also evaluated several strategies for serial prostate cancer screening. Their model predicted that biennial screening with a PSA level of 4.0 ng/mL reduced the number of screens while retaining 93% of the years of life saved. These authors created a stage-driven model, whereas our model is based on tumor volumes from surgical and autopsy series. Despite these differences in model construction, the results are remarkably similar. For example, their model estimated that annual screening of men aged 50 through 75 years with a cutoff of 4.0 ng/mL saved 0.16 person-years per man screened, 5 whereas our model was slightly more conservative in predicting 0.11 person-years. The similarities in outcome despite the differences in model construction support the validity of this approach in the evaluation of screening strategies.
Several limitations of our study deserve mention. First, our findings are based on a model of the natural history of prostate cancer and are only accurate to the extent that our model accurately represents the disease. Second, we recognize that our analysis is based on as-sumptions of long-term treatment effectiveness that have not yet been established by randomized clinical trials. However, sensitivity analyses showed similar results when changes were made in assumptions or model inputs. Third, we evaluated PSA testing strategies without regard to the effect of digital rectal examination (DRE) on prostate cancer outcomes. This could have led to an underestimation of prostate cancer deaths prevented if DRE in combination with PSA testing prevents death from prostate cancer. In addition, failure to account for DRE findings in our model could have led to underestimation of the number of prostate biopsies performed since an abnormal DRE is considered an indication for taking a prostate biopsy. However, our results in terms of biopsies per cancer detected are similar to those from a large screening trial. 24 Fourth, our model does not take into account the ability of PSA criteria such as PSA velocity, PSA density, or free PSA to assess the risk that prostate cancer is present. These criteria could potentially reduce the percentage of men undergoing prostate biopsies, and failure to account for these in our model could have led to overestimation of the number of biopsies performed relative to cancer deaths prevented. Fifth, our results may not apply to black men since PSA levels in this study were obtained from a primarily white population, 13 and it is known that black men have higher PSA levels than whites. Finally, our model did not take into account the morbidity from prostate cancer treatment and the effects of diagnosis and treatment on quality of life, nor the full costs associated with detection and management of prostate cancer. 30 Thus, this cannot be considered a formal cost-effectiveness analysis of prostate cancer screening.
In summary, this study suggests that if screening for prostate cancer is beneficial, a screening strategy at age 40 and 45 years with a 2-year testing interval after age 50 years may be both more effective and require less testing than the standard strategy of annual PSA testng beginning at age 50 years. The approach of starting earlier but screening less often is predicted to reduce substantially PSA testing and biopsies while still yielding slightly lower prostate cancer mortality rates than the current annual screening strategy. Although the value of any PSA screening has yet to be proved, the incremental cost-effectiveness ratios suggest that the current standard of annual PSA testing after age 50 years may not be the best choice because it is both less effective and more resource intensive than another strategy.
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